1. Introduction {#sec1}
===============

As an extremely toxic and corrosive gas,^[@ref1],[@ref2]^ hydrogen sulfide (H~2~S) usually exists in the industrial production, such as biogas, coal gasification gas, oil, and natural gas.^[@ref3]−[@ref7]^ The toxicity and corrosiveness of H~2~S can cause serious health problems and industrial pipeline damage,^[@ref8]^ especially causing poisoning of noble metal catalysts.^[@ref9],[@ref10]^ Therefore, the development of an efficient and low-cost method for removal of H~2~S has caused great concern of many researchers in the oil, natural gas, and catalytic fields. At present, the common methods for removing H~2~S can be divided into wet desulfurization and dry desulfurization depending on the type of desulfurizing agent.^[@ref11]−[@ref15]^ The absorption using alcohol amine solution,^[@ref4]^ which is one of most common wet methods, has been widely used to remove hydrogen sulfide gas in the industry. However, the traditional amine absorption method has several disadvantages such as high volatility, high flammability, high energy consumption, high regeneration cost,^[@ref2],[@ref16]^ and the evaporation of water during long-term operation that will also accelerate the corrosion of equipment and pipelines. Moreover, the process cannot operate at high temperatures. These deficiencies limit the exploitation of an aqueous solution in the field of gas separation applications. On the other hand, for dry desulfurization, activated carbon, molecular sieves, and membrane reactors have been widely used,^[@ref17]^ but the relatively low desulfurization efficiency and cost problem still exist.^[@ref9]^ Hence, it is vital to find an alternative absorbent for capturing H~2~S, which is more environmental friendly and stable.

Ionic liquids (ILs) are the organic salts in liquid form that are composed of various organic cations and inorganic or organic anions with a melting point below 100 °C. ILs have drawn the attention of researchers around the world because of their advantages such as high dissolving capability, thermal and chemical stability, negligible vapor pressure, and so on. In recent years, studies have found that ILs have high absorption capacity for acid gases such as CO~2~,^[@ref18]^ SOx,^[@ref19]^ and NOx.^[@ref20]^ ILs have been introduced into the desulfurization process.^[@ref21]−[@ref25]^ In the present study, the functionalized ILs have been investigated for removing H~2~S. Zheng et al.^[@ref26]^ designed three kinds of aqueous multiple Lewis base-functionalized protic IL solutions for highly efficient absorption of H~2~S. In our previous work,^[@ref4],[@ref26]−[@ref28]^ oxidized substances and amines were introduced into the ILs, where the result showed that the mixtures could reach high H~2~S removal efficiency. However, the high synthesis cost, poor biodegradability, and complex preparative technology restrict the practical utilization of ILs in gas cleaning applications.^[@ref20]^

Therefore, to overcome the limitations of ILs, deep eutectic solvents (DESs) are used as a new kind of solvents.^[@ref29]^ They were usually prepared by a two-component or three-component combination with a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD).^[@ref30]−[@ref32]^ DESs have the same advantages as ILs, even have some extra advantages, for instance, low toxicity, low cost, biodegradability, and simple synthesis process.^[@ref33]−[@ref37]^ More importantly, DESs have been used in many fields as an alternative of ILs. For example, Fattahi et al.^[@ref38]−[@ref41]^ introduced a new extraction method based on dispersive liquid--liquid microextraction and the solidification of DES. They found that DESs showed excellent extraction efficiency of different organic and inorganic compounds from the environment, food, and biological samples. The excellent characteristics of DESs also make it a new material for absorption of gases, such as CO~2~,^[@ref42],[@ref43]^ SO~2~,^[@ref19],[@ref44]^ and NOx.^[@ref20]^ Li et al.^[@ref45]^ found that the solubility of CO~2~ in a DES composed of ChCl and urea with a mole ratio of 1:2 increased with the increasing pressure and decreasing temperature. Dou et al.^[@ref20]^ synthesized a DES from ethylene glycol and tetrabutylammonium bromide (EG--TBAB) for NO absorption. They found that the DES had excellent absorption and regeneration performance for removing NO. However, reports on the removal of H~2~S using DES are still rare. Wu et al.^[@ref46]^ synthesized various carboxylic acid DESs. They found that TBAB/propionic acid had the best absorption performance for H~2~S and could be regenerated repeatedly. Sui et al.^[@ref47]^ introduced iron salts into the conventional DES of choline chloride/EG and used for H~2~S removal. In our recent study,^[@ref12]^ iron-based DESs were used for H~2~S absorption, which showed excellent desulfurization and regeneration ability. The desulfurization products were identified as sulfur. Although polyethylenimine (PEI) showed an excellent removal performance for H~2~S,^[@ref48]^ its inherently high viscosities restrict the practical utilization in gas cleaning applications. Therefore, PEI was added to the original DESs to form an FDES solvent for H~2~S removal in this work.

In this paper, we present an industrial attraction and unprecedented method to realize the H~2~S removal performance of PEI while utilizing the desirable properties of DESs. Four common choline-based DESs were synthesized.^[@ref19],[@ref49],[@ref50]^ EG, urea, glycerol, and propylene glycol (PG) were used as HBD and chlorinated choline as HBA. PEI was added to form four FDESs, and the desulfurization and regeneration performance were measured by H~2~S dynamic absorption experiments. The effects of different types of DESs, PEI ratio, temperature, and moisture content were investigated. The applicability of an FDES to H~2~S concentration is also verified. The prepared FDESs were characterized by Fourier transform infrared (FT-IR) spectroscopy, nuclear magnetic resonance (NMR), and thermogravimetric analysis (TGA). Quantum chemical calculations have been used to investigate the interaction between H~2~S and FDESs at a molecular level. The results show that the absorption between FDESs and H~2~S is chemical absorption. All this confirms that the FDESs are excellent desulfurizers.

2. Results and Discussion {#sec2}
=========================

2.1. Characterization of FDESs and DESs {#sec2.1}
---------------------------------------

The FT-IR spectra of DESs with different compositions of HBDs are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The spectrum of ChCl indicates the presence of a strong O--H bond stretching vibration at 3253 cm^--1^ along with a −CH~2~ bending vibration peak at 1482 cm^--1^. The C--H bond stretching vibration peaks at 3017 and 2906 cm^--1^ and the C--N^+^ bond symmetric stretching vibration at 628 cm^--1^ were observed.^[@ref51]^ Comparing the spectra of ChCl with the spectra of DES, the peaks at 3393 cm^--1^ (broad) and 1654 cm^--1^ should be assigned to the interaction of hydrogen bonds between HBD and ChCl and the introduction of water content.^[@ref52]^ The C--O bond stretching vibration at 955 cm^--1^ indicated that the structure of Ch^+^ is not destroyed in the FDES system, which proved that the structural characteristics of ChCl were essentially maintained in the FDES.^[@ref51],[@ref53]^

![FT-IR spectra of ChCl and DESs.](ao0c01467_0001){#fig1}

The FT-IR spectra of 25% PEI and FDES are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The peak at 1584 cm^--1^ could be attributed to the bending vibration of the amine −NH~2~.^[@ref54]^ The broad and strong adsorption peak at 3357 cm^--1^ was ascribed to the overlapping of the N--H and O--H stretching vibrations.^[@ref55]^ The broad band between 2700 and 3800 cm^--1^ was attributed to the tensile vibration of −NH~2~ and O--H. Furthermore, the bands at 1584, 2936, and 3357 cm^--1^ for PEI all appeared in FDES. These results indicated that PEI was successfully introduced into the FDES.^[@ref48],[@ref56]^ The amine N--H stretching vibration of PEI at 3357 cm^--1^ widened in FDES. The possible reason was that it might be overlapped by the broad band of hydrogen bonding formed by EG and ChCl.^[@ref57]−[@ref60]^

![FT-IR spectra of PEI and FDES of 25% PEI/FDES\@EG.](ao0c01467_0011){#fig2}

Further evidence of the interaction between FDES and PEI was provided by the ^1^H NMR spectra of FDES of 25% PEI and DES, from the results shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}: δ 2.57 (a, 2H, NH~2~[CH]{.ul}~2~CH~2~NH~2~), 3.07 (b, 3H, s, HOCH~2~CH~2~N([CH]{.ul}~3~)), 3.39 (c, 2H, HOCH~2~[CH]{.ul}~2~N(CH~3~)), 3.53 (d, 2H, HOCH~2~[CH]{.ul}~2~N(CH~3~), HO[CH]{.ul}~2~CH~2~OH), 3.93 (e, 2H, HO[CH]{.ul}~2~CH~2~N(CH~3~)), and 4.70 (f, 1H, s, [HO]{.ul}CH~2~CH~2~OH, [HO]{.ul}CH~2~CH~2~N(CH~3~), HDO).^[@ref61]^ It can be found that a new amine peak appears at 2.57 ppm (a) after the addition of 25% PEI. From the FT-IR spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), it is indicated that PEI was successfully introduced into FDES.^[@ref58],[@ref62]^

![^1^H NMR spectra of FDES of 25% PEI and DES.](ao0c01467_0012){#fig3}

The TGA--differential thermal analysis (DTA) curves of EG, ChCl, 2EG/ChCl, and FDES are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The decomposition temperatures of ChCl, EG, 2EG/ChCl, and FDES were around 570, 460, 544, and 586 K, respectively, which are higher than the absorption and regeneration temperatures in this experiment. A slight inclination of the TGA curves at temperatures lower than 100 °C could be assigned to the loss of a small amount of water.^[@ref50]^ The exothermic peak generated by the FDES at 478 K in the DTA curve is due to the decomposition of PEI in FDES. The decrease in decomposition temperature could be attributed to the uniform dispersion of PEI in FDES.^[@ref63]^

![TGA--DTA of EG, ChCl, 2EG/ChCl, and FDES.](ao0c01467_0013){#fig4}

2.2. Quantum Chemical Calculations {#sec2.2}
----------------------------------

To obtain an understanding of the interactions between H~2~S and the FDES at a molecular level, quantum chemical calculations have been performed. Several kinds of complexes (ChCl, EG, and PEI) could be hypothesized in the FDES. Therefore, the molecular systems taken into account were the 1:1 complexes between H~2~S and ChCl, EG, and PEI, defined here as H~2~S--A. Subsequently, calculations on the complexes between H~2~S and ChCl, EG, and PEI have been performed. Minimum structures were fully optimized, and the final structures of the absorption conformations of H~2~S in the FDES are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The calculation results prove that DES (ChCl and EG) will not react with H~2~S. PEI will form a hydrogen bond with H~2~S, and the binding energy *E*~inter~(H~2~S--PEI) = −30.5676 kJ/mol was calculated by quantum chemical calculations. The H~2~S molecule interacts with a nitrogen atom in the amine group of PEI through the H atoms in H~2~S,^[@ref64]^ and the H~2~S molecule prefers to adhere to the 16 N atom. DES is preferred as an excellent solvent. This calculation result basically confirms that the absorption between FDES and H~2~S is chemical absorption.

![Energy-minimized structures of H~2~S--A complexes. Color code: green, chloride; yellow, carbon; light gray, sulfur; light blue, hydrogen; pink, nitrogen; and orange, oxygen.](ao0c01467_0014){#fig5}

2.3. Desulfurization Performance of DESs and FDESs {#sec2.3}
--------------------------------------------------

The desulfurization performances of DESs with different HBDs and ChCl are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The absorption temperature was controlled at 30 °C. It can be seen that the removal rate dropped sharply at the beginning of the absorption experiment. The dissolve effect of DESs on H~2~S is not ideal.^[@ref51]^ In order to strengthen the absorption capacity of DESs for H~2~S, four kinds of FDESs were prepared by adding PEI with a mass ratio of 5% to the four DESs. The desulfurization performances of the four 5% PEI/FDESs at 30 °C are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The desulfurization performances of the four 5% PEI/FDESs decline in the following order: 5% PEI/FDES\@EG \> 5% PEI/FDES\@Gly ≈ 5% PEI/FDES\@Urea \> 5% PEI/FDES\@PG. The results prove that 2EG/ChCl was used as an optimum FDES desulfurizer, which could maintain the H~2~S removal efficiency above 95% for at least 30 min. After the addition of PEI, the H~2~S absorption capabilities of FDES improved significantly. The improvement can be attributed to the contribution of the amine groups in PEI.^[@ref48],[@ref65]^ Therefore, FDES\@EG was chosen for further study.

![Desulfurization performances of different HBDs of DESs at 30 °C.](ao0c01467_0015){#fig6}

![Desulfurization performances of different HBDs of FDESs at 30 °C.](ao0c01467_0016){#fig7}

2.4. Desulfurization Performances of FDES\@EG with Different PEI Contents {#sec2.4}
-------------------------------------------------------------------------

The desulfurization performances of FDES\@EG with different PEI contents at 30 °C are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. It can be seen that FDESs have a relatively high desulfurization performance, and the H~2~S removal efficiency could remain above 80% for least 1 h. When the PEI content in FDES\@EG increased to 25%, the desulfurization efficiency reached the maximum level. Even if the PEI content increased, no increase of FDES\@EG desulfurization performance was observed, which may be due to the fact that the amount of PEI that can be reacted is saturated in a limited medium. Therefore, 25% PEI/FDES\@EG was selected as a desulfurizing agent for the subsequent experiments.

![Desulfurization performances of FDES\@EG for different PEI contents at 30 °C.](ao0c01467_0017){#fig8}

2.5. Effect of Absorption Temperature and Moisture {#sec2.5}
--------------------------------------------------

The desulfurization performances of 25% PEI/FDES\@EG at different absorption temperatures are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The H~2~S removal efficiency could remain above 95% within 80 min at 30 and 40 °C. When the absorption temperature increased to 70 °C, the desulfurization rate reduced to about 20%. It is clear that the removal efficiency of H~2~S significantly reduced with the increase of temperature because the absorption of H~2~S is an exothermic process, and the increase of the reaction temperature hinders the absorption reaction process.^[@ref12]^ Besides, considering that high temperature may accelerate the loss of a small amount of water content existed in the FDES, the effect of water should be taken into account.

![Desulfurization performances of 25% PEI/FDES\@EG at different absorption temperatures.](ao0c01467_0018){#fig9}

To verify the effect of water content, 25% PEI/FDES\@EG was treated under reduced pressure at 100 °C to eliminate most of the water content. The treated 25% PEI/FDES\@EG was used to remove H~2~S at 30 °C. The absorption results are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. It could be seen that the removal efficiency of H~2~S was significantly lower than that of the untreated adsorbent. To further analyze the possible absorption mechanism, the ^1^H NMR spectroscopy of 25% PEI/FDES\@EG before and after absorption was analyzed. The results are shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. For the ^1^H NMR spectrum of the sample after H~2~S absorption, the peak became smaller at 4.70 ppm (f, 1H, s, [HO]{.ul}CH~2~CH~2~OH [HO]{.ul}CH~2~CH~2~N(CH~3~), and HDO), which could be attributed to the loss of water in the absorption process. Therefore, from [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, it can be seen that the water content should be an important factor which affected the desulfurization performance. The presence of proper water content is beneficial to the absorption reaction of H~2~S in 25% PEI/FDES\@EG. It has been reported that the amine group will react directly with H~2~S in the presence of water.^[@ref15],[@ref63]^ In our previous work,^[@ref12]^ it was also found that the proper water content has a positive effect on the absorption of H~2~S. In conclusion, the increase of temperature will hinder the exothermic reaction and accelerate the evaporation of water. Low temperature and proper water content are beneficial to the absorption of H~2~S in FDESs.

![Desulfurization performances of untreated and treated 25% PEI/FDES\@EG at 30 °C.](ao0c01467_0002){#fig10}

![^1^H NMR spectra of 25% PEI/FDES\@EG before and after absorption.](ao0c01467_0003){#fig11}

2.6. Desulfurization Performances of FDES under Different H~2~S Concentrations {#sec2.6}
------------------------------------------------------------------------------

The desulfurization performances of 25% PEI/FDES\@EG at different H~2~S concentrations are shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. The desulfurization rates of 25% PEI/FDES\@EG at different H~2~S concentrations are not lower than 90% within 60 min. The results showed that 25% PEI/FDES\@EG has a high desulfurization efficiency over a H~2~S concentration range from 750 to 1250 mg/m^3^. When the concentration of H~2~S continued to increase, the absorption performance of FDES decreased. Therefore, the 25% PEI/FDES\@EG could remove H~2~S efficiently over a low H~2~S concentration.

![Desulfurization performances of 25% PEI/FDES\@EG under different H~2~S concentrations at 30 °C.](ao0c01467_0004){#fig12}

2.7. Regeneration Performance {#sec2.7}
-----------------------------

### 2.7.1. Effect of Regeneration Temperature {#sec2.7.1}

The regeneration of exhausted FDESs was conducted by air bubbling for 1 h at different regeneration temperatures. The results are shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}. When the regeneration temperature is 70 °C, the desulfurization rate of 25% PEI/FDES\@EG after regeneration is restored to 85%. The desulfurization rates at the regeneration temperature 30 and 50 °C can only reach 70%. The absorption of H~2~S is exothermic, and high temperature is conducive to the desorption of H~2~S. The decline of the desulfurization performances of FDES may be caused by the evaporation of water during regeneration. Therefore, 70 °C was selected as the regeneration temperature for the subsequent experiments.

![Regeneration performances of 25% PEI/FDES\@EG under different regeneration temperatures.](ao0c01467_0005){#fig13}

### 2.7.2. Effect of Regeneration Time {#sec2.7.2}

After selecting the regeneration temperature, the effect of the regeneration time was evaluated, and the results are shown in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}. The different regeneration time leads to the various regeneration effects. When the regeneration time was longer than 5 h, the desulfurization rate of 25% PEI/FDES\@EG after regeneration reduced to 40%. The desulfurization rates of 25% PEI/FDES\@EG after the regeneration times of 1 and 3 h could remain above 80%. It could be seen that bubbling for 3 h has been conducted during the regeneration process. Thus, a regeneration time of 3 h was selected. The decline of regeneration performance after long-time regeneration may be attributed to the loss of moisture in FDESs.

![Regeneration performances of 25% PEI/FDES\@EG under different regeneration times at 70 °C.](ao0c01467_0006){#fig14}

### 2.7.3. Effect of Moisture on the Regeneration Performance {#sec2.7.3}

In the previous discussion, the loss of water content was considered as the main reason for the decline of regeneration performances. The effect of moisture on the regeneration performance was investigated. The regeneration condition was chosen as bulling at 70 °C for 3 h. It was found that the desulfurization rate within 3 h after four regenerations was reduced to 20%, and the results are shown in [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}(1). In another experiment, a small amount of deionized water was added before every regeneration process to simulate the water lost during the regeneration, and the results are shown in [Figures [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}(2) and [16](#fig16){ref-type="fig"}. It was found that the regeneration rate returned to the original 98%. From [Figures [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} and [11](#fig11){ref-type="fig"}, it has been proved that the presence of moisture plays an important role in H~2~S removal. After four regenerations, the desulfurization rate can be maintained above 90% within 1 h, indicating that 25% PEI/FDES\@EG has excellent regeneration performance for at least four times.

![Regeneration performances of 25% PEI/FDES\@EG (1) without deionized water and (2) with deionized water.](ao0c01467_0007){#fig15}

![Regeneration performances of 25% PEI/FDES\@EG.](ao0c01467_0008){#fig16}

From the binding energy *E*~inter~(H~2~S--PEI) obtained by the previous quantum mechanical calculation, the interaction between PEI and H~2~S is not very strong. It can be easily regenerated by heating and blowing.^[@ref12],[@ref15],[@ref48]^ However, the presence of water also plays an important role in the removal of H~2~S. If heated under a high temperature or blow for a long time, the moisture in FDES will be lost, thus affecting the regeneration effect. In conclusion, the regeneration condition affects the desulfurization performance of FDES by affecting the moisture in FDES.

To analyze the possible absorption mechanism, the FT-IR spectra of 25% PEI/FDES\@EG before and after absorption as well as after regenerations were analyzed. The results are shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}. From the ^1^H NMR spectra ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}), it could be seen that there was no obvious change in the structural and functional groups of 25% PEI/FDES\@EG in absorption and regeneration processes. However, in previous quantum chemical calculations, the chemical reactions between the FDES and H~2~S were observed. The main reason is that the hydrogen bond generated by PEI and H~2~S cannot be reflected by FT-IR and ^1^H NMR. However, through our experimental calculations and reports,^[@ref15],[@ref48]^ it could be basically confirmed that the absorption between FDES and H~2~S is chemical absorption.

![FT-IR spectra of 25% PEI/FDES\@EG before and after absorption as well as after regeneration.](ao0c01467_0009){#fig17}

3. Conclusions {#sec3}
==============

In the present work, the DES of four different HBDs was synthesized. An FDES was prepared by adding PEI and used for H~2~S removal. EG/ChCl was chosen as the best reaction solvent. Efforts were taken to combine the desirable properties of DESs for excellent stability with the reactivity of PEI. The absorption experiments showed that 25% PEI/FDES\@EG is the best absorbent. Lower temperature and H~2~S concentrations favored the absorption of H~2~S. The structures of the absorption conformations of H~2~S in FDES have been found at a molecular level via the quantum chemical calculations. It was noticed that FDESs prefer chemisorption on H~2~S. The results of regeneration experiments showed that 25% PEI/FDES\@EG can remove H~2~S well at least five times only by gas stripping regeneration. It is also found that the presence of moisture plays an important role in H~2~S removal. The FDES adsorbent has been proved as an industrially attractive desulfurizer for H~2~S removal.

4. Experimental Details {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

Choline chloride (C~5~H~14~ClNO, ChCl) was purchased from Sinopharm Chemical Reagent Co., Ltd., China; PEI ((CH~2~CH~2~NH)~*n*~) was purchased from Shanghai Macklin Biochemical Co., Ltd., China; and glycerol (C~3~H~8~O~3~, Gly), EG ((CH~2~OH)~2~), PG (C~3~H~8~O~2~), and urea (CH~4~N~2~O, Urea) were purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd., China; the reagents are all analytically pure (98--99%). All the above chemicals were used as received.

4.2. Computational Details {#sec4.2}
--------------------------

All quantum chemical calculations in this study were performed by ORCA. Geometry optimizations have been performed using the dispersion including density functional theory with the M06-2X functional using 6-311G\*\* basis set. The DFT-D3 dispersion correction is used to improve the accuracy of weak interaction description. The binding energy (*E*~inter~) was defined and estimated on the basis of the following equationwhere *E*~comp~, *E*~molA~, and *E*~molB~ are the total energies of the adsorption complex, H~2~S, and the other component, respectively.^[@ref15],[@ref64]^

4.3. Preparation of FDESs {#sec4.3}
-------------------------

The four choline-based DESs were synthesized according to the literature studies:^[@ref49]−[@ref51],[@ref66]^ The DES of 2Gly/ChCl was prepared by mixing ChCl (0.05 mol, 6.981 g) and Gly (0.1 mol, 9.209 g) complexes with a molar ratio of 1:2 \[limit of detection (LOD): 0.1 mg; relative standard deviation (RSD): ±0.1 mg\]. The mixture was heated at 80 °C with continuous stirring for 2 h until a clear uniform liquid is formed. In the same way, the other three DESs were produced. The DESs obtained were collected and identified as 2Gly/ChCl, 2EG/ChCl, 2PG/ChCl, and 2Urea/ChCl. The prepared DESs were in the form of liquid at room temperature. PEI was added to the DESs with a mass ratio of 5--30%.

4.4. Characterization Instruments {#sec4.4}
---------------------------------

The FT-IR spectra of the samples were collected by a Nicolet 5700 Fourier transform infrared spectrometer (Thermo Nicolet Corp., America). The NMR spectra of the samples were collected by an AVANCE III HD 400 MHz NMR spectrometer (Bruker Corp., Switzerland) (ppm, D~2~O, 400 MHz, 300 K). The TGA and the corresponding DTA curves of the samples were collected by a STA 449 C Integrated thermal analyzer (Netzsch Corp., Germany); the data were collected with a heating rate of 10 °C/min under flowing nitrogen.

4.5. H~2~S Sorption Measurement {#sec4.5}
-------------------------------

The dynamic H~2~S absorption experiment equipment is shown in [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}: a model gas (a H~2~S concentration of 750--1750 mg/m^3^ and nitrogen as a diluent gas) was introduced into the reactor consisting 4 g of FDES with a flow rate (LOD: 1 × 10^--8^ Pa·m^3^/s; RSD: ≤0.2%) of 250 mL/min. The temperature was controlled at 30--100 °C by a constant temperature water bath. The H~2~S concentration in the outlet gas was measured by an AP-B H~2~S gas online analyzer (LOD: 0.1 ppm; RSD: ≤1%). Finally, the tail gas was passed through a NaOH solution to remove the residual H~2~S. During the desorption step, the depletion of FDES was performed by bubbling air with a flow rate of 500 mL/min at 30--70 °C for 1--5 h. The H~2~S removal efficiency can be calculated by the following equationswhere η is the desulfurization rate, *C*~0~ is the H~2~S concentration in the model gas, and *C*~*t*~ is determined as the H~2~S concentration at the exit. The experimental data obtained were repeatedly measured three times or more.

![Experiment equipment for dynamic H~2~S absorption.](ao0c01467_0010){#fig18}
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